The Centers for Disease Control and Prevention (CDC) recently revised their estimates for the annual number of foodborne illnesses; 48 million Americans suffer from domestically acquired foodborne illness associated with 31 identified pathogens and a broad category of unspecified agents. Consequently, economic studies based on the previous estimates are now obsolete. This study was conducted to provide improved and updated estimates of the cost of foodborne illness by adding a replication of the 2011 CDC model to existing cost-of-illness models. The basic cost-of-illness model includes economic estimates for medical costs, productivity losses, and illness-related mortality (based on hedonic value-of-statistical-life studies). The enhanced cost-ofillness model replaces the productivity loss estimates with a more inclusive pain, suffering, and functional disability measure based on monetized quality-adjusted life year estimates. Costs are estimated for each pathogen and a broader class of unknown pathogens. The addition of updated cost data and improvements to methodology enhanced the performance of each existing economic model. Uncertainty in these models was characterized using Monte Carlo simulations in @Risk version 5.5. With this model, the average cost per case of foodborne illness was $1,626
Accurate burden-of-illness estimates for foodborne diseases are useful for policy makers and others that seek to characterize and prioritize resources dedicated to addressing the problem of these diseases. Scallan et al. (14, 15) , in studies conducted for the Centers for Disease Control and Prevention, estimated that approximately 48 million new cases of food-related illness, resulting in 3,000 deaths and 128,000 hospitalizations, occur in the United States annually. These estimates, although confirming that foodborne illness continues to be a problem, are significantly lower than the previous estimates by Mead et al. (12) of 76 million cases, 5,000 deaths, and 325,000 hospitalizations. The burden associated with specific pathogens, relative to others, also has changed. For example, Clostridium perfringens is now believed to cause more than 26% of food-related bacterial illnesses, in contrast to the less than 6% estimated by Mead et al. (12) . Because of extensive methodological improvements employed by Scallan et al., it is not clear to what extent, if any, the differences in estimates are driven by true changes in the burden of illness in the population. Regardless of the reason for the differences, the results of the economic burden of foodborne illness studies conducted by Scharff et al. in 2009 (18) and Scharff in 2010 (16) , which were based on the estimates provided by Mead et al. in 1999 , are now outdated.
A comparison of the 2011 and 1999 estimates. The Scallan et al. (14, 15) 2011 estimate for the burden of foodborne illness is not simply an update of the older 1999 Mead et al. (12) numbers. Major changes in both methodology and representation of risk are evident in the newer studies. For this reason, although the numbers are smaller, the authors caution readers not to see the difference as representing an overall downward trend in the burden of foodborne illness. Nevertheless, because updated data were included in the Scallan et al. analysis, any trends occurring during this period would have been subsumed in the final numbers presented. For example, most of the increase in the estimated number of cases of Vibrio vulnificus infection was due to a more than doubling of identified passive surveillance cases. Important methodological changes in the Scallan Table 1 .
New economic burden of foodborne illness estimates. The federal agencies that employ economic cost data in regulatory analyses typically use either a basic cost-ofillness model that includes values for medical care, productivity losses, and mortality or a cost-of-illness model enhanced to include pain and suffering values. The former is the method used by the Economic Research Service of the U.S. Department of Agriculture (USDA), and the latter has historically been used by the Center for Food Safety and Applied Nutrition at the U.S. Food and Drug Administration (6, 20, 22) . Recently, the USDA Food Safety and Inspection Service has also used the enhanced method in at least one regulatory analysis (21) . There are advantages associated with each method. By including a value for pain and suffering, the enhanced model has the advantage of more fully accounting for economic costs associated with foodborne illness. This value is derived by monetizing quality-adjusted life years (QALYs) that have been designed to assess utility loss. The QALYs used in this study were based on individuals' trade-offs between the amount of time with good health and the amount of time with given symptoms and activity limitations (the time trade-off method). This approach yields a measure of the loss of well-being (typically between 0 and 1). Monetized QALY losses are the product of loss of well-being from a condition, the number of days with the condition, and the economic value of 1 day (derived from the value of statistical life) (23) . Ideally, this measure would represent the ill consumer's willingness to pay to avoid these pain and suffering losses. However, this only occurs under restrictive conditions, leading to a split in opinion regarding whether this model should be used (1, 8, 9, 13) . In contrast, the basic model avoids the controversy over how QALYs should be used but does not provide a value for the legitimate economic costs associated with pain and suffering. In this article, estimates for both methods are provided.
Rationale and objectives. Previous estimates of the cost of foodborne illness based on the data of Mead et al. Evaluation of uncertainty. Uncertainty associated with both the illness and economic components of the model is characterized using Monte Carlo simulation modeling in @Risk version 5.5 (Palisade Corp., Ithaca, NY). The characteristics of the respective models' measures of uncertainty must be accurately preserved because both the Scallan et al. and Scharff models incorporate uncertainty in a comprehensive manner. Given that the cost-ofillness model provides the base, the primary concern is how to accurately incorporate the uncertainty described in the Scallen et al. Two cost-of-illness models. Both the basic and enhanced cost-of-foodborne-illness models account for health-related economic costs associated with foodborne illness. In the basic model, economic costs from foodborne illness include both financial losses due to medical expenditures and lost productivity and lost utility (well-being) due to death. The losses associated with each given pathogen i are summarized in equation 1:
MATERIALS AND METHODS
Medical costs include costs of hospital services (Hospital i ) not including physician care, physician care (Physician i ) including the cost of lab work and both inpatient and outpatient care, and pharmaceutical costs (Pharma i ). Financial costs also are incurred when individuals are not able to work as a result of either their own illnesses or the illnesses of their children (Prod i and CProd i ). The value of statistical life (VSL i ) figure used is based on a published meta-analysis of dozens of studies of individuals' trade-offs between fatality risk and money (23) . For example, if the most an individual is willing to pay for a reduction in fatality risk of 1/ 10,000 is $500, the VSL would be $5 million ($500~VSL/ 10,000). Because in some cases acute illnesses lead to other often chronic conditions, the costs associated with these conditions are included (Sequel i ). Specifically, costs associated with Guillain-Barre disease (Campylobacter), hemolytic uremic syndrome with or without end-stage renal disease (Escherichia coli), newborn complications (Listeria), and reactive arthritis (Campylobacter, Salmonella, Shigella, and Yersinia) are included. For each cost measure described above, uncertainty is fully incorporated into the model.
The enhanced cost-of-illness model also incorporates a value for pain and suffering (equation 2):
The difference between the two models is that the enhanced model includes a measure for lost quality of life (QALY i ) but no measure for own-illness productivity loss (Prod i ). Prod i is omitted because lost productivity from one's own illness is assumed to be accounted for in the more global QALY i value (QALY losses are based in part on functional disability resulting from illness (10) . Estimates based on this valuation can be found in the sensitivity analysis.
Details regarding the sources and methods used to derive these costs were described more fully by Scharff et al. (16, 18) and in the appendix to this article (http://go.osu.edu/ehe-efa7d). Changes made to these base models are as follows. The most significant changes are based on data presented by Scallan et al. in 2011 (14, 15) . Specifically, the new Scallan et al. estimates for hospitalization and death rates replace the older Mead et al. (12) estimates that had been used. For most pathogens, Scallan et al. defined the proportion of the population that ''seeks care'' as a variable for their underdiagnosis multiplier. The seeks care variable was used as a proxy for the probability of visiting a doctor, where it has been defined. This seeks care variable is an imperfect proxy because some patients may visit a doctor more than once for an illness, whereas others may visit the emergency room and be hospitalized without first visiting a doctor.
A second set of changes involves updating values to reflect the most recent data available. Estimates of hospital care costs and lengths of hospitalization from the Healthcare Cost and Utilization Project have been updated to include data through 2008 (2). Productivity loss estimates have been updated to reflect the reported average hourly cost of compensation in September 2010 (5) . All estimates were updated to 2010 U.S. dollars using the consumer price index relevant to the economic sector at issue (e.g., the consumer price index for physician services was used to inflate 2009 physician visit costs to obtain 2010 values) (4).
The final changes reflect independent improvements to the model. One change involves adjustment of the VSL (based on a 2003 estimate from a widely used meta-analysis) to account for income changes and inflation. In the 2009 Scharff et al. study (18) , this value was not adjusted. This simple assumption was replaced in the present study with the 2009 Bellavance et al. (3) estimate for the income elasticity of VSL (elasticity is assumed to be uniformly distributed between 0.84 and 1.08). Income elasticity of VSL is defined as the ratio of the percentage change in VSL to the 
RESULTS
Multiple estimates were produced using the specified models. Both the cost per case and the total cost of foodborne illness were determined for each pathogen studied and for foodborne illness as a whole. Although most of the Scallan et al. pathogens were included in the analysis, Mycobacterium bovis was not. However, this omission likely has a negligible effect on the overall cost of foodborne illness, given that only 60 domestically acquired cases of foodborne illnesses are annually attributable to this pathogen. The cost per case for multiple cost categories is presented in Table 2 , including the total cost per case for the basic (Prod) and enhanced (QALY) cost-of-illness models. The average cost associated with each case of foodborne illness is $1,068 (90% CI, $683 to $1,646) in the basic model and $1,626 (90% CI, $607 to $3,073) in the enhanced model. The total annual cost attributable to domestic infections from each pathogen (and for all foodborne illnesses) for the basic model is given in Table 3 . The total health-related cost of foodborne illness in the United States is $51.0 billion (90% CI, $31.2 to $76.1 billion). The corresponding cost using the enhanced model (Table 4 ) is $77.7 billion (90% CI, $28.6 to $144.6 billion). The distribution of values produced by Monte Carlo simulation for each model is illustrated in Figure 1 .
The uncertainty associated with the economic cost of each foodborne pathogen is provided in Tables 3 and 4 . One improvement of the present model over previous models is that it includes uncertainty estimates for both economic factors and predicted illnesses. The result is a larger but more accurate CI for each estimate given. For example, in Scharff's 2010 study (16) the 90% CI for the total annual cost of Yersinia cases using the enhanced model was $150 to $1,369 million (mean, $674 million). The revised estimate is $1,107 million with a 90% CI of $167 to $3,311 million.
A sensitivity analysis was used to assess the relative effects of uncertain model parameters on the cost-of-illness outputs for the basic and enhanced models. In Figure 2 , the In the population adjusted model, the number of illnesses from the base model (across all categories of pathogen and severity) was proportionally increased to reflect the population increase between 2006 (the year of the Scallan et al. estimates) and 2010. The differences in costs among these models are minimal. For each illness model, three economic models were used. The key difference between these models is whether utility losses from pain and suffering are included. The enhanced model with a full value QALY produced the highest estimated costs, whereas the basic cost-of-illness model and enhanced model with a $100,000 QALY model had the lowest values. Because QALYs are theoretically expected to include aspects of both productivity loss and pain and suffering, these low numbers provide evidence that the $100,000 QALY, which has been used by many researchers, is significantly undervalued. 
DISCUSSION
In this study, the estimated cost of foodborne illness was substantial: $51.0 billion in annual health-related costs in the basic model and $77.7 billion in the enhanced model. These values are lower than previous estimates of $102.7 and $151.6 billion, respectively, primarily because of the replacement of the estimates from Mead et al. (12) with those of Scallan et al. (14, 15) . Scallan et al. revised the total number of annual foodborne illnesses downward by 37% and lowered the probability of hospitalization and/or death from important sources (e.g., infections with E. coli O157, Listeria, and unknown agents). The improvements made to the economic model also reduced, although to a lesser extent, the overall cost-of-illness estimates. Not all pathogens were associated with a net decline in cost. Revised estimates for 12 pathogens (most notably C. perfringens, non-O157 E. coli, Shigella, Yersinia, and hepatitis A) had higher total economic burdens than in previous studies.
The costs presented here do not represent the full economic cost of foodborne illness. Although the largest categories of health-related costs have been included, the costs of some sequelae, such as congenital toxoplasmosis, thyroid disease, and postinfectious irritable bowel syndrome, were not examined in this study. Costs of foodborne illness to industry and public health agencies also were not addressed.
Although the estimates presented here are dramatic, there are limits to how these data should be used. The total cost figures are useful as measures of the scope of the problem, but the numbers do not by themselves provide economic justification for any particular program aimed at reducing foodborne illness. Whether a potential food safety program improves social welfare is dependent on three factors: the cost per case of foodborne illness, the number of cases expected to be averted by the program, and the cost of the program to government, consumers, and industry. When examining a particular program, social welfare will only be improved when the product of the cost per case and the number of cases averted exceeds the expected cost of implementing the program for society as a whole. The numbers for cost per case provided here are well suited for use in this type of analysis.
